In this work, an active screen plasma discharge system based technology was incorporated in a PECVD reactor for DLC films growth, making it a new development in DLC films deposition. In this case, the active screen system is used to seek better electrons confinement, which might result in high ions density due to the collisions number increase, leading to a possible increase in ionization. DLC films were grown on steel substrates, using two variations of this system. In order to enhance adhesion between coating and substrate, a silicon interlayer was deposited, using different bias voltages. Morphological and structural characterization was performed by scanning electron microscopy, optical profilometry and Raman scattering spectroscopy. Tribological tests were performed by nanohardness, scratch and wear tests. Results showed that the plasma confinement promoted good films adhesion, which may be related to a high sub-implantation. This might be a consequence of the pressure decrease, as well as, to the ions energy distribution narrowing.
Introduction
The great scientific and industrial interest in the use of diamond-like carbon (DLC) films is justified by their remarkable mechanical and tribological properties such as high hardness, excellent wear resistance, chemical inertness and a very low friction coefficient, among others, which give a wide range of applications, as high corrosion resistance and biocompatibility 1, 2, 3 . This combination of unique properties allows the coating to be applied in several areas, such as wear-resistant coating for metallic, ceramic and optical materials, corrosion protection, liquid and vapor transport barriers, electronic devices, electron field emitting cathode materials, electronic packaging, passivation and thermal heat sinks 4 . However, for an effective application of this coating, it is necessary to ensure a high adhesion between film and substrate.
There is a difficulty in depositing DLC films directly onto metallic substrates, especially on steel, and guarantying the coating's adhesion to the substrate. The film's high hardness combined with the difference in thermal expansion coefficient, compared to the substrate, makes it difficult for DLC film to comply with substrate deformation, which can lead to delamination and total failure of the coating, causing poor adhesion and high residual compressive stress. Furthermore, carbon diffuses into the metals delaying the DLC nucleation. And iron has a catalytic effect that leads to the formation of graphite, which can be detrimental to adhesion 5, 6, 7 . In order to overcome these limitations, and to extend the range of applications of DLC films, different approaches are possible. A thin interlayer of various materials, such as silicon, can be deposited to enhance adhesion and obtain lower compressive stress 8 .
DLC is a metastable form of amorphous carbon with a significant fraction of sp 3 bonds 1, 9 . Among the various forms of amorphous mixtures formed by carbon, from PECVD (Plasma Enhanced Chemical Vapor Deposition) it is possible to obtain films of a-C:H type, hydrogenated amorphous carbon, and ta-C:H, hydrogenated tetrahedral amorphous carbon. Using the PECVD method, the structure of the films is composed of sp 2 hybridization agglomerates interconnected by sp 3 hybridization carbon 1, 9 . In this work, DLC films were deposited on high speed steel AISI M2, using the plasma enhanced chemical vapor deposition (PECVD) technique, with a silicon interlayer to increase the films adhesion. However, the conventional technique was modified to promote a plasma densification, by modifying internal arrangement of the deposition system.
The active screen plasma nitriding (ASPN) technique was developed in the late 1990s based on the glow discharge plasma and the principle of post-discharge plasma. The essential difference between conventional DC plasma nitriding and active screen plasma nitriding is that, the cathodic potential is applied on a metal screen, which surrounds the working table, and the samples to be treated are placed in a floating potential. Under this electrical condition, the plasma can only be formed on the surface of metal screen rather than on the sample surface. Consequently, the active screen plasma nitriding could overcome the inherent limitations of conventional DC plasma nitriding techniques. It provides a closer control of the structure and depth of nitriding, control of type and thickness of compound layer, due a more uniform plasma distribution. In addition, it is possible to treat different size parts in the same bath 10 . In the past few years, the ASPN technique has been used to treat low alloy steels, stainless steels, tool steels and other steels, achieving identical nitriding effects as the conventional DC plasma nitriding technology.
* e-mail: patricia.engpro@gmail.com However, the ASPN technique provides the possibilities of treating nonelectrical conducting materials such as steel with an oxidised surface and polymeric materials which are unattainable with a conventional DC plasma system 11 . Based on the ASPN technique, two different configurations of active screen were developed, promoting electron confinement effect. Tribological tests were performed to analyze the adhesion between film and substrate, the friction coefficient, and wear resistance. Raman spectroscopy technique was used to verify the structural arrangement of carbon atoms and to obtain important parameters. Results showed that among all tested methods, deposition using active screen showed the best results in adherence gain, combined with the application of high-energy ion bombardment in the silicon interface deposition.
Experimental Procedures
DLC films were deposited over AISI M2 steel substrates (1.0 cm x 1.0 cm x 0.4 cm) by a modified Plasma Enhanced Chemical Vapor Deposition system. In order to seek a denser and more reactive plasma, based on the electrons confinement, two different configurations of active screen cathodes were tested, which were called active screen partial system, and active screen system. Both of them are a cylindrical cathode, made of a steel mesh sheet (Figure 1 ), which is connected to the sample holder and it is insulated from the anode. The difference between the two systems is that active screen system is more closed than active screen partial system, since its top section is covered by a plate. A schematic representation of these structures can be visualized in Figure 2 .
Samples were polished by using a sequence of different grain sizes to a mirror-like finish surface with approximately 13 nm of roughness (R a , average amplitude of the surface roughness) (Figure 3 a), and cleaned ultrasonically in an acetone bath for 10 min. The substrate was mounted on the screen cathodes in the plasma chamber. The cathode was powered by two different pulsed DC power supplies, which cover different voltage ranges, -100 V to 1000V, and -1 to -10 kV. The repetition rate was of 2-20 kHz, with squarewave shape pulse, and duty-cycle of 50%. The vacuum base pressure of the chamber was 0.0013 Pa. The substrates were also cleaned by an argon discharge with 5 sccm gas flow at the lowest working pressure in each system, 5.30 Pa and 0.66 Pa for the Active Screen Partial System, and the Active Screen System, respectively, and discharge voltage of -600 V for 30 min prior to deposition. In order to enhance adhesion between coating and substrate, a silicon interlayer was deposited using silane as precursor gas. The bombardment energy influence during this deposition step was analyzed, according to the used active screen cathode. The silicon deposition was carried out using a discharge voltage range of -2 to -8 kV, with 3 sccm gas flow, during 5 minutes, and the lowest pressure necessary to maintain the discharge, which was of 6 Pa and 0.66 Pa for the Active Screen Partial System, and the Active Screen System, respectively. The aim is to reach the lowest value of pressure as possible, to obtain an ion collisionless regime in order to narrow the ion energy distribution. With a more open system, like the partial one, there is a less effective confinement, which makes it necessary to use a higher pressure. Thus, the active screen total system enables the use of lower pressure.
After this, acetylene gas was introduced, with 10 sccm gas flow, in association with 3 sccm silane gas flow using discharge voltage of -750 V, during 30 minutes. The silane gas flow was reduced in steps, 0.5 sccm every 5 minutes, until its total reduction. Then, DLC films was deposited using acetylene as precursor, with 7.5 sccm gas flow, 6.66 Pa, discharge of -750 V, for 60 min.
The carbon atoms arrangement was analyzed by using Raman scattering spectroscopy (Renishaw 2000 System) with Ar+ ion laser (λ=514 nm) in backscattering geometry. Raman shift was calibrated with reference to the diamond peak at 1332 cm -1 . The hydrogen content in the film was estimated by using the slope of linear fit of the photoluminescence background in the Raman spectra and the G band intensity 12 . Tribological tests were performed on CETR UMT-2 tribometer, while mechanical tests were performed on Anton Paar MHT NHT micro and nanoindentation tester. In order to evaluate film adherence on substrate and to determine critical load, micro scratch test was performed, in accord to ASTM C1624 13 . A diamond stylus Rockwell C with angle of 120º and 200 µm radius was used. The critical load was defined as the value in which the first crack occurs and the friction coefficient increases. For wear test, the tribometer was adjusted for ball-on-plate mode, in the reciprocating manner. To validate the DLC film protective effect, four samples of uncoated steel were tested in comparison with eight DLC film coated samples, four prepared by each system. The coefficient of friction was monitored by a strain-gauge sensor, projected to measure normal and lateral force, during 2000 cycles at room temperature and humidity. The linear speed used was 16 mm/s, with displacement distance of 4 mm, and load of 2N. Alumina (Al 2 O 3 ) ball (4,75 mm diameter) was used as countersample. The test was performed according to ASTM G133-05
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. Optical profilometry was used to evaluate wear test, using in a Veeco Wyko NT 1100 profilometer. Microindentation tests were performed by using a Vickers indenter, with maximum depth of 500 nm, 10 mN of contact force, and loading rate of 10000 nm/min. Five measurements were made in each sample. SEM images were obtained using a JEOL JSM 5310 scanning electron microscope, using secondary electrons for the track images and backscattered electrons for cross sectional images. The samples used for cross sectional images were cutted by diamond cutting disc and polished by using diamond polishing paste with different grain size.
Results and discussion
Figures 3a and 3b show surface roughness of uncoated and coated samples. Measurements of arithmetic average roughness, made with an optical profilometry, showed average roughness values of 13.2 ± 1.8 nm for substrate without DLC film and 33.4 ± 1.5 nm for DLC film. The film surface roughness seems to replicate substrate surface roughness. In general, DLC surface roughness has been found to depend on the ion energy, substrate temperature, substrate materials and film composition 15 . Figure 4 exposes the cross sectional SEM image of DLC film and interface. The coating has a thickness of about 11 µm. It can be observed that about 4.5 µm is related to interface thickness, which provides a deposition rate of about 4.3 µm/h.
Raman spectroscopy results are exhibited in Table 1 properties of the DLC films, and the deposition system 16, 17 . D and G band positions are, therefore, an indicative of DLC properties 1 . For both DLC films group obtained by the active screen partial system and active screen system, a very small variation is observed in bands position. The G band position shows little variation with the interface bombardment energy, since there is a conservative behavior in the sp 2 and sp 3 hybridizations proportion. It was also observed that there was no significant difference in I D /I G ratio for both systems, which means there were no structural changes with the interface growth variation The DLC films hydrogenation did not present many variations, when each system is analyzed separately. For coatings grown in the partial system, the hydrogen content varied in a range from 21 to 22%. In the active screen system, the hydrogenation was about 20%. Therefore, in both cases, the films presented diamond-like characteristic. It can be seen that interface growth voltage variations did not affect the structural arrangement of carbon atoms, or quality of the DLC film, since D and G bands position, hydrogenation, I D/ IG ratio showed no significant variations.
However, when the Raman parameters are compared for DLC film obtained in each system, more significant changes can be observed. FWHM values of (G) and G band position measure the material disorder. A decrease of FWHM (G) can be seen for the samples prepared by the active screen system, in relation to those prepared by the active screen partial system. FWHM (G) is more sensitive to structural disorder of graphitic clusters, while G band position is more sensitive to topological disorder. The structural disorder 17 . This decrease in FWHM is an evidence that the structural disorder of the active screen system prepared films is lower. Similar relationship between the values of FWHM (G) and disorder was found by Kahn 18 . When the G band position and the hydrogen content of DLC films are analyzed, it can be seen that the G band position increases with hydrogen content decrease for DLC films by using active screen system. Tamor and Vassel 19 observed a decrease in G band position and the I D /I G ratio according to the increase of sp 3 atoms fraction. Noting the increase of I D /I G ratio in coatings grown by the active screen system compared to partial system, it can be inferred that there is a slight trend to increasing graphitic clusters size in these films.
The I D /I G ratio increase was observed in studies of the heat treatment effect on carbon films 20 . The authors noted that D and G bands positions deviate to higher frequencies, and that their widths decrease as function of temperature. This was attributed to an increase in the number or size of graphite crystals, in association with structural change of random distribution to the bond angles in a structure containing microcrystals with sp 2 hybridisation
21
. By using the active screen system, the high reactive ions density in plasma leads to a tendency of increasing deposition temperature. This occurs due to increased trapping of ions in relation to active screen partial system. It can be inferred that this provides an increase in the I D /I G ratio. In Figure 5 Raman spectra of DLC films obtained in each system are exposed.
Hardness and elastic modulus of DLC films were measured by microindentation. For DLC films obtained by the active screen total system, the obtained average values were 21.4 ± 2.6 GPa, and 176.9 ± 5.0 GPa, respectively. For DLC films obtained by the active screen total system, the obtained average values were 20.8 ± 1.8 GPa, and 163.3 ± 1.4 GPa, respectively. There was no difference in films hardness according to bias voltage variation for both systems. The load vs displacement curve is presented in Figure 6 . Since the penetration depth was prescribed in 500 nm, it ensures that there was no substrate influence in the measurements. Therefore, DLC films showed high hardness due to their diamond-like feature, which is consistent to hydrogenation results obtained by the Raman spectra.
DLC films adhesion was evaluated according to energy variation in interface deposition, for each system. Critical load values are shown in Table 2 . For both samples group, films adhesion increased almost linearly according to the bias voltage increase during silicon interface deposition. Similar results of enhanced adhesion were also obtained by Ward 22 . When films adhesion is compared for each system, a much higher performance was observed for the samples grown in active screen system, as presented in Table 2 . By using this system, even the lowest adhesion value, which occurred for the lower bias voltage (-2 kV), was higher than the highest value displayed for DLC film deposited by using the active screen partial system, with the higher bias voltage (-8 kV). Scratch tracks can be visualized in Figure  7 , which exposes an initial film crack (Figure 7a ) and a final track point (Figure 7b) , where total film failure occurs. It is possible to observe that tensile crack was followed by chipping and coating spallation, as expected for hard coatings over hard substrates. Increased adhesion is explained by the use of active screen system. In this system, which is more closed than the active screen partial system, and the conventional cathode, a much lower pressure can be used. At low pressures, an opposite behavior is observed in the deposition rate for active screen systems in relation to conventional PECVD technique. This behavior is more observed in active screen system due to the higher interaction between electrons and molecules. In the low pressure limit, the species distribution rate in plasma is mainly on account of processes induced by electrons 23 . As the concentration of reactive species is decreased, electrons cross section increases with electron energy. Thus, ionization is caused by processes in which free electrons that reach sufficiently high kinetic energy collide with gas molecules promoting molecules ionization. The lower the pressure, the greater is the molecules mean free path and flow regime tends to molecular, due to the fact that there are fewer molecule-molecule collisions. In conventional system, at low pressure conditions, the electrons mean free path also becomes longer, so that the probability of electron-molecule collision decreases, reducing percentage of molecules dissociation and ionization. The result is a reduction in deposition rate and increased plasma instability.
The use of active screen systems provided a similar hollow cathode discharge. This effect is obtained when two parallel plates are cathodically polarized, so that an electron present between them is repeatedly repelled before leaving the inside 24 . Through the use of the active screen system, a better electrons confinement effect was obtained in comparison to the active screen partial system. The system closed form is an electrons confinement region when subjected to a cathodic potential. Thus, high ions density is achieved in this region, since each electron present in it has a greater collisions number with molecules than that outside this region. In this case, the adhesion is influenced by the ionic sub-implantation, since a fraction of incident ions penetrates the surface and densify the film, while others stay on the surface and contributes to the films thickness. Therefore, a better ionic sub-implantation can provide better adhesion and high hardness. Figure 8 presents the profiles of coated and uncoated samples after the wear test, while friction coefficient graph for each case is exhibited in Figure 9 . DLC coating promoted a protective effect, as expected, which can be observed from the track profile. There were no significant differences in the friction coefficient for films grown by the two different systems. The friction coefficient value for samples grown by both systems were about 0.1, while the value for uncoated steel was about 0.48. The wear rate was calculated by using ASTM G133 equations, from the area measured by optical profilometry. For uncoated samples (Figure 8a ), the wear rate was around 10 -7 mm 3 /N.m, while for DLC coated samples, they were around 10 -9 and 10 -10 mm 3 /N.m, for films obtained by the active screen partial system (Figure 8b ) and active screen system (Figure 8c ), respectively. The results values indicates the order of magnitude of the wear rate for the tested samples.
Conclusions
In this work, it was possible to obtain a denser plasma by using active screens, based in electron confinement effect in the cathode region, which probably results in a high degree of species activation. Two systems configurations were evaluated, total and partial active screens. According to results, both systems provided DLC films with good structural quality and homogeneity, high hardness and good wear resistance. However, scratch tests showed differences between the films obtained by the two systems. The active screen total system provided films with superior adhesion to the substrate, besides a smaller wear rate. This may be related to the pressure decrease, and the narrowing of ions distribution energy.
The electrons confinement may have provided high ions density, due to the larger number of collisions between electrons and molecules, which increases ionization. Ion bombardment energy during the interface growth was also studied, and presented a behavior directly proportional to films adhesion. With the bias voltage increase during silicon interface deposition, it was possible to obtain DLC films better adhered to the substrate.
